ABSTRACT Mycoplasma pneumoniae synthesizes a novel human surfactant protein A (SP-A)-binding cytotoxin, designated community-acquired respiratory distress syndrome (CARDS) toxin, that exhibits ADP-ribosylating and vacuolating activities in mammalian cells and is directly linked to a range of acute and chronic airway diseases, including asthma. In our attempt to detect additional CARDS toxin-binding proteins, we subjected the membrane fraction of human A549 airway cells to affinity chromatography using recombinant CARDS toxin as bait. A 36-kDa A549 cell membrane protein bound to CARDS toxin and was identified by time of flight (TOF) mass spectroscopy as annexin A2 (AnxA2) IMPORTANCE Host cell susceptibility to bacterial toxins is usually determined by the presence and abundance of appropriate receptors, which provides a molecular basis for toxin target cell specificities. To perform its ADP-ribosylating and vacuolating activities, community-acquired respiratory distress syndrome (CARDS) toxin must bind to host cell surfaces via receptormediated events in order to be internalized and trafficked effectively. Earlier, we reported the binding of CARDS toxin to surfactant protein A (SP-A), and here we show how CARDS toxin uses an alternative receptor to execute its pathogenic properties. CARDS toxin binds selectively to annexin A2 (AnxA2), which exists both on the cell surface and intracellularly. Since AnxA2 regulates membrane dynamics at early stages of endocytosis and trafficking, it serves as a distinct receptor for CARDS toxin binding and internalization and enhances CARDS toxin-induced vacuolization in mammalian cells.
CARDS toxin alone recapitulates the spectrum of pathologies observed during mycoplasma infection (20) . Furthermore, the extent of pulmonary damage caused by M. pneumoniae infection appears to be dependent on the biological properties of individual mycoplasma strains and CARDS toxin concentrations (22) .
Bacterial toxins act either at the level of the host cell surface or intracellularly. ADP-ribosylating toxins target cytosolic proteins, achieved through receptor-mediated binding and internalization. Host cell susceptibility to toxins is usually determined by the presence and abundance of appropriate receptors, which provide a molecular basis for toxin target cell specificities. CARDS toxin binds to mammalian cells at 4°C and is internalized by clathrinmediated pathways (23) , which requires a temperature shift to 37°C, reinforcing active receptor-mediated uptake. Although we initially identified CARDS toxin as an SP-A-binding protein (17) , we noted that CARDS toxin carries out ADP-ribosylating and vacuolating activities in a wide range of mammalian cell lines, including some that lack SP-A, suggesting the utilization of alternative receptors (24) . As a result, in order to understand the range of CARDS toxin activities and tissue distribution in susceptible hosts, we searched for additional receptor families that mediate CARDS toxin binding and internalization.
Here, we show that the C-terminal domain of CARDS toxin interacts with the host protein annexin A2 (also called annexin II, calpactin 1, and AnxA2) (referred to as AnxA2 here), a member of the annexin family of proteins, which are Ca 2ϩ -and phospholipid-binding proteins that exhibit many signaling functions. The interaction between CARDS toxin and AnxA2 likely plays an important role in the observed localized and disseminated inflammation and tissue pathologies associated with M. pneumoniae infections.
RESULTS
The CARDS toxin binds to AnxA2. To identify an A549 cell membrane target(s) that binds CARDS toxin, we immobilized histidine (His)-tagged CARDS toxin onto nickel-nitrilotriacetic acid (Ni-NTA) resin and added solubilized A549 cell membrane extracts. Membrane proteins that bound to CARDS toxin were eluted by boiling with SDS lysis buffer, resolved on 4 to 12% NuPAGE gel, and visualized by Coomassie blue staining. Although some background proteins were associated with uncoupled Ni-NTA resin, several protein bands were selectively bound to the Ni-NTA-CARDS toxin resin (Fig. 1A, lane 2) . These bands were excised, digested with trypsin, and identified using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). The mass profiles of the trypsin-generated peptides of 70-,~40-, and~34-kDa proteins (Fig. 1A , short dashed arrows) matched CARDS toxin, and the~36-kDa protein (Fig. 1A , long solid arrow) was identified as annexin A2 (AnxA2).
To further confirm the identity of AnxA2, A549 cell membrane proteins enriched by the receptor pulldown assay (Materials and Methods) were transferred to nitrocellulose membranes and probed with monoclonal antibody specific to AnxA2 protein. An intense immunoreactive band was observed at~36 kDa, and the band was absent in the negative-control lane (Fig. 1B) .
Binding of CARDS toxin to AnxA2 is specific and concentration dependent. To further characterize the CARDS toxin-AnxA2 interaction, we performed a ligand overlay binding assay (Materials and Methods) using recombinant glutathione S-transferase (GST)-tagged AnxA2. The CARDS toxin-AnxA2 complex was readily detected using anti-CARDS toxin antibody reagent; no toxin was detected in the bovine serum albumin (BSA) control lane ( Fig. 2A) . To determine the specificity of binding of CARDS toxin to AnxA2, purified AnxA2 or BSA was coated onto individual wells of microtiter plates and incubated with various concentrations of CARDS toxin followed by rabbit anti-CARDS toxin polyclonal antibody and horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody. CARDS toxin bound to AnxA2 in a concentrationdependent, saturable manner (Fig. 2B ). The C terminus of CARDS toxin mediates binding to AnxA2. In order to delineate the region of CARDS toxin responsible for binding to AnxA2, we added equimolar concentrations of purified His-tagged full-length (FL) and truncated N-terminal (amino acids 1 to 249; CARDS 249 ) and C-terminal (amino acids 266 to 591; 266 CARDS) CARDS toxin derivatives (30) to wells coated with AnxA2. The results show that only FL CARDS toxin and the C terminus of CARDS toxin bind to AnxA2 (Fig. 3A) AnxA2 consists of an N terminus of 30 amino acids followed by a C terminus containing four 61-amino-acid repeats that include amino acids 42 to 102 (repeat I), 114 to 174 (repeat II), 199 to 259 (repeat III), and 274 to 334 (repeat IV). To identify AnxA2 domain(s) responsible for binding to CARDS toxin, we generated and purified GST-tagged AnxA2 267 (amino acids 1 to 267 containing the N terminus and repeats I to III) and 268 AnxA2 (amino acids 268 to 339; repeat IV alone). We coated individual wells with FL AnxA2 or truncated derivatives of AnxA2 and analyzed their ability to facilitate CARDS toxin binding. Like FL AnxA2, both truncated AnxA2 proteins bound toxin, although AnxA2 267 demonstrated maximal binding (Fig. 3B) .
AnxA2 monoclonal antibody inhibits CARDS toxin binding to A549 cells. To further characterize the role that AnxA2 plays in CARDS toxin binding, we preincubated A549 cells with AnxA2 monoclonal antibody or negative-control monoclonal antibody (10 g/ml) for 10 min before adding CARDS-mCherry fusion protein (10 g/ml). CARDS toxin binding was substantially reduced by AnxA2 monoclonal antibody (~40%) in contrast to negative-control antibody (Fig. 4A) .
Knockdown of AnxA2 expression decreases total cellassociated CARDS toxin and subsequent vacuolization. Trans- GST-AnxA2 or BSA (2 g each) was separated on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and incubated with CARDS toxin (7 g/ml) for 2 h. CARDS toxin binding was detected by incubation with rabbit polyclonal anti-CARDS toxin antibody followed by incubation with goat anti-rabbit IgG and visualization with ECL. Lane 1, AnxA2; lane 2, BSA. (B) Dose-dependent binding of CARDS toxin to AnxA2. Microtiter wells were coated with 100 ng AnxA2, and increasing concentrations of CARDS toxin or BSA were added to individual wells for 1 h at room temperature. Bound protein was detected with rabbit polyclonal anti-CARDS toxin antibody and goat anti-rabbit HRP-conjugated polyclonal antibody, followed by development with TMB substrate. Wells with BSA alone served as negative controls, and the nonspecific bound values were subtracted from individual test scores. Values are means Ϯ standard errors of the means (error bars) for triplicate wells from three separate experiments. No immunological cross-reactivity was observed between anti-CARDS toxin antibody and AnxA2. fection of A549 cells with small interfering RNAs (siRNAs) specific to AnxA2 (siRNA1 and siRNA2) decreased the levels of AnxA2 expression compared to control nontargeting siRNA as determined by immunoreactivity using anti-AnxA2 monoclonal antibody (Fig. 4B) . Further, the amount of cell-associated CARDS toxin was examined in parallel with AnxA2 expression by probing test samples with anti-CARDS toxin antibody (Fig. 4B) . In A549 cells transfected with AnxA2-specific siRNA, reduced amounts of CARDS toxin were detected in the total cell lysate (consistent with AnxA2 levels) compared to cells treated with control nontargeting siRNA ( Fig. 4B and C) . In addition, CARDS toxin induced smaller and reduced numbers of vacuoles in A549 cells transfected with AnxA2-specific siRNA than in cells transfected with control random siRNA ( Fig. 4D and E). AnxA2 colocalizes with the CARDS toxin. To examine the earliest interaction between CARDS toxin and AnxA2, we treated A549 cells with CARDS toxin at 4°C for 1 h, washed cells to remove excess CARDS toxin, and analyzed colocalization of CARDS and AnxA2 by confocal microscopy. At 4°C, CARDS toxin concentrated at the cell surface (green; Fig. 5A , panel b), whereas AnxA2 was detected both on the surface and in the cytoplasm (red; Fig. 5A, panel c) . When the images of both fluorescently labeled immunological probes were superimposed, colocalization of CARDS toxin and AnxA2 at the cell surface was evident as structures that appear yellow due to the combined contributions of green and red fluorescence (Fig. 5A, panel d) . Under these experimental conditions, z sections clearly indicated the colocalization of CARDS toxin with only surface-associated AnxA2 (Fig. 5B) . When the temperature was raised to 37°C for 1 h, we observed green (internalized CARDS toxin), red (cytoplasmic AnxA2), and yellow (colocalized AnxA2 and toxin) puncta (Fig. 5C) , clearly indicating that a subpopulation of internalized toxin remains associated with AnxA2.
Expression of AnxA2 increases CARDS toxin binding and subsequent vacuolization in HepG2 cells. HepG2 cells, which are deficient in AnxA2 expression, were stably transfected with pCDNA-AnxA2 (HepG2-AnxA2) and screened for AnxA2 expression ( 
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Suppression of AnxA2 and SP-A reduces CARDS toxin binding and subsequent vacuolization in SP-A-expressing H441 cells.
Compared to the pulmonary adenocarcinoma A549 and NCI-H358 (H358) cell lines, NCI-H441 (H441) cells, a pericardial fluid-derived pulmonary adenocarcinoma cell line, expresses both SP-A and AnxA2 (Fig. 7A) . Transfection of H441 cells with siRNAs specific to AnxA2 or SP-A1 decreased the levels of AnxA2 and SP-A expression compared to nontransfected controls, as confirmed by immunoreactivity using anti-AnxA2 or anti-SP-A monoclonal antibodies (Fig. 7B) . However, when AnxA2 and SP-A were silenced simultaneously in the same cells, we observed less reduction in the amounts of both AnxA2 and SP-A, possibly due to competition and inefficiencies using both siRNAs. Nonetheless, the amount of CARDS toxin bound was proportional to AnxA2 and SP-A levels ( Fig. 7B and C) . Interestingly, SP-A appears to be preferred to AnxA2 as a binding target, based upon the relative abundance of SP-A versus AnxA2 (Fig. 7B and C) .
Similarly, upon CARDS toxin treatment for 24 h at 37°C, AnxA2-and/or SP-A-silenced H441 cells developed smaller vacuoles than control cells did (Fig. 7D) . Furthermore, the number and distribution of medium to large vacuoles per cell in these receptor-specific silenced cells were reduced ( Fig. 7D and E) compared to nontransfected H441 cells.
DISCUSSION
Bacterial ADP-ribosylating toxins manipulate host factors to reach their target proteins. Such factors include host cell membrane receptors that mediate toxin binding and components of the cellular endocytic machinery that bacterial toxins usurp for internalization and intracellular trafficking. Previously, our laboratory showed that M. pneumoniae CARDS toxin binds to human SP-A (17). Interestingly, CARDS toxin interacts with a wide range of mammalian cells, including cell lines that lack SP-A, indicating that additional receptor recognition events precede clathrinfacilitated endocytosis of CARDS toxin (23) . Therefore, identification of CARDS toxin receptors is important in order to understand how the toxin distributes to airway and extrapulmonary sites, performs ADP-ribosylating and vacuolating activities (16) , and elicits inflammatory pathways and tissue injury (20, 21) . We used detergent-solubilized human cell membrane fractions combined with cell-free toxin affinity binding and immunoreactive assays to monitor the interaction between CARDS toxin and AnxA2 (Fig. 1) . Similar methodologies have been utilized in the identification of the diphtheria toxin receptor from Vero cells, botulinum toxin type B receptor from synaptosomal membranes (25, 26) , fibronectin-binding proteins from M. pneumoniae and aerolysin receptor from Aeromonas hydrophila (27) (28) (29) . Using Escherichia coli-expressed and purified recombinant full-length CARDS toxin and full-length AnxA2 proteins, we confirmed that the interaction between CARDS toxin and AnxA2 is specific and concentration dependent (Fig. 2) . We also showed that the C terminus of CARDS toxin ( 266 CARDS) and not the N terminus (CARDS 249 ) binds to AnxA2 (Fig. 3A) , which is consistent with the functional role of the C-terminal region of CARDS toxin in receptor binding (30) . Concerning the structural properties of AnxA2, the N terminus of AnxA2 is composed of amino acids 1 to 30 and the C terminus is composed of amino acids 31 to 339. The C-terminal domain has four annexin repeats and confers Ca 2ϩ -, phospholipid-, and actin-binding properties (31, 32) . We compared CARDS toxin binding to 268 AnxA2, which retains only one annexin repeat, with AnxA2 267 , which possesses three annexin repeats. We observed a statistically significant increase in CARDS toxin binding to AnxA2 267 , implicating the repeats as mediators of CARDS toxin interactions with AnxA2 (Fig. 3) . Furthermore, AnxA2 267 demonstrated increased CARDS toxin binding compared to FL AnxA2, possibly caused by conformational changes in AnxA2 267 that favorably expose more CARDS toxin-interactive sites. The CARDS toxin-AnxA2 association was further reinforced by evidence that a single treatment of A549 cells with anti-AnxA2 monoclonal antibody, and not irrelevant monoclonal antibody, resulted in a significant suppression of toxin binding (Fig. 4A ). In addition, decreased expression of AnxA2 using siRNA-mediated interference ( Fig. 4B and C) markedly diminished the amount of CARDS toxin present in A549 total cell lysates. Using confocal microscopy and immunofluorescence, we demonstrated that CARDS toxin colocalizes with AnxA2 at the plasma membrane prior to cell entry and that a subpopulation of internalized CARDS toxin remains associated with intracellular AnxA2. These observations indicate that AnxA2 is functionally involved in early surface-associated CARDS toxin-mediated events and intracellular trafficking of CARDS toxin (Fig. 5) . Data with HepG2-AnxA2-transfected cells further implicated AnxA2 as a functional receptor for CARDS toxin (Fig. 6) . Interestingly, we still observed measurable toxin binding and internalization capabilities when AnxA2 was reduced or eliminated ( Fig. 4 and 6 To further analyze the importance of AnxA2 as a receptor of CARDS toxin, we compared CARDS toxin binding to AnxA2 in the presence of its other known receptor, SP-A (17). We observed reduced CARDS toxin binding and subsequent diminished vacuolization in targeted siRNA-transfected H441 cells, indicating that AnxA2 is a major target for CARDS toxin. Still, CARDS toxin utilizes both receptors (Fig. 7) , suggesting that receptor composition and abundance regulate the ability of CARDS toxin to target specific anatomical sites.
AnxA2 has recently drawn attention for its ability to regulate multiple key processes in both cells and pathogens, including viruses and bacteria. AnxA2 is a member of the annexin family of proteins and exists either in monomeric form or as a heterotetramer containing two light chains of S100A10/p11 and two chains of AnxA2. Apart from their intracellular distribution, AnxA2 has also been detected on the membrane surface of diverse mammalian cells. Although the mechanisms by which surface ex- pression of AnxA2 occurs are still unclear, cell surface AnxA2 acts as a receptor and/or adhesin (33, 34) and also participates in cellcell interactions. When AnxA2 is accessible on the cell surfaces of macrophages or epithelial cells, it provides a physiological signal that facilitates phagocytosis of apoptotic cells (35) (36) (37) . Furthermore, the AnxA2-S100A10 heterotetramer has been implicated in tight junction maintenance in epithelial MDCK cells (38) . Recently, AnxA2 has been reported to regulate multiple key processes in both mammalian cells and pathogens, including viruses and bacteria. For example, AnxA2 assists in the invasion of epithelial cells by Pseudomonas aeruginosa (39) and Salmonella enterica serotype Typhimurium (40) and is recruited to bacterial attachment sites during enteropathogenic and enterohemorrhagic E. coli infections (41) . AnxA2 also plays a role in the cellular entry of cytomegalovirus (42) and influenza viruses (43) , assembly of human immunodeficiency virus type 1 (44, 45) , release of blue tongue virus, replication of hepatitis C virus (46) , and infectivity of enterovirus 71 (47) . Since AnxA2 performs multiple cellular functions, including regulation of vesicular trafficking, phagocytosis, and budding of clathrin-coated vesicles, we propose that AnxA2 not only mediates CARDS toxin binding but also acts as a key mediator of CARDS toxin ADP-ribosylating and vacuolating events. Consistent with these scenarios, AnxA2 assists in clathrin-(48) and caveola-mediated internalization (49) and is involved in macropinocytic rocketing (50) , which correlates with our previous report that CARDS toxin uses clathrin-mediated pathways to enter cells (23) . The correlation of vacuole size with the presence of receptors (increased numbers and larger sizes of vacuoles in CARDS toxintreated/AnxA2-transfected HepG2 cells [ Fig. 6C and D] and decreased numbers and smaller sizes of vacuoles in AnxA2-silenced A549 cells [ Fig. 4D and E] and in AnxA2-and/or SP-A-silenced H441 cells [ Fig. 7D and E]) suggests that CARDS toxin-receptor binding and internalization events lead to subsequent pathogenic activities mediated by intracellular toxin. Understanding how AnxA2 or SP-A transports CARDS toxin through distinct endocytic pathways is likely to delineate the complexity of CARDS toxin entry, trafficking, and pathogenic behaviors.
The relationship between CARDS toxin and AnxA2 is especially appealing in terms of intimate and successful pathogen-host interactions. To perform its ADP-ribosylating and vacuolating activities, CARDS toxin must bind to host cell surfaces via receptormediated events and be internalized and trafficked effectively. AnxA2, which exists both on the cell surface and intracellularly and performs many signaling functions, appears to be a "perfect partner" for CARDS toxin purposes. We will continue to examine receptor-mediated CARDS toxin interactions with AnxA2, SP-A, and other host molecules that facilitate CARDS toxin action with the intent to define therapeutic interventions that limit or eliminate the ability of CARDS toxin to usurp normal cell functions during M. pneumoniae acute and chronic infections.
MATERIALS AND METHODS

Bacteria and plasmids. E. coli Top10 (Invitrogen), E. coli BL21(DE3) [F'
ompT hsdS(r B m B ) gal dcm (DE3)/pLysS] (Stratagene) were grown in Luria-Bertani (LB) broth and used to clone and express recombinant community-acquired respiratory distress syndrome (CARDS) toxin, annexin A2 (AnxA2), and their derivatives using the primers given in Table  1 . For DNA manipulations, pCR2.1 (Ap r Km r TA cloning vector; Invitrogen), pET19b (Ap r , N-terminal His 10 tag, expression vector; Novagen), pGEX-6p-1 (GE Healthcare), and pCDNA3.1(ϩ) (Invitrogen) were utilized. Glutathione S-transferase (GST)-AnxA2 plasmid was kindly provided by Marta Miaczynska (International Institute of Molecular and Cell Biology [IIMCB], Poland). Using GST-AnxA2 plasmid as the template, we amplified and cloned truncations of the C terminus and N terminus of AnxA2 in pGEX-6P-1 vector. pCDNA3.1(ϩ) plasmid containing the fulllength (FL) AnxA2 (pCDNA-AnxA2) was constructed with primers given in Table 1 which were inserted between the BamHI and XbaI restriction sites of pCDNA3.1(ϩ). For construction of CARDS-mCherry fusion plasmid, UGA-corrected CARDS toxin (16) was PCR amplified using specific primers (Table 1) mented with 10% fetal bovine serum (HyClone), 2 mM L-glutamine, 1,000 U/ml penicillin G, and 50 g/ml streptomycin (Invitrogen). AnxA2-expressing HepG2 cells were generated by transfection (XtremeGENE HP DNA transfection reagent; Roche) using pCDNAAnxA2, and cultures were maintained in selection medium containing 400 g/ml G418 (Cellgro, VA). An individual transfected HepG2 clone that expressed high levels of recombinant AnxA2 (HepG-AnxA2) was used for further studies. Expression and purification of recombinant proteins. Plasmids encoding FL GST-AnxA2 and the C-and N-terminus truncations of AnxA2 were transformed into E. coli BL21, induced with 0.5 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG) at 20°C for 16 h and purified according to the manufacturer's instructions (GE Healthcare). For generation of CARDS-mCherry fusion protein, pET-CARDS toxin-mCherry plasmid was transformed in E. coli BL21 and overexpressed by induction with 1 mM IPTG at 18°C for 16 h. Soluble recombinant fusion protein was purified by nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography under native conditions (Qiagen) and eluted with lysis buffer containing 500 mM imidazole. Each collected fraction was desalted in 50 mM TrisHCl buffer (pH 7.4) and 5% glycerol by using PD-10 columns and stored at Ϫ80°C. CARDS toxin and various truncated CARDS proteins that we had already generated, were used in the present study.
Receptor pulldown assay. A549 cells were grown to 80% confluence in T75 flasks, and membranes were isolated using a subcellular fractionation kit (Pierce). Solubilized membrane fractions were incubated with control Ni-NTA beads or Ni-NTA beads coupled with CARDS toxin at 4°C overnight. After the beads were washed four times with phosphatebuffered saline (PBS), SDS lysis buffer was added, and samples were boiled. Protein profiles were resolved using 4 to 12% NuPAGE gels and analyzed by mass spectrometric analyses (UTHSCSA Institutional Mass Spectrometry Laboratory) or transferred to nitrocellulose membranes. For immunoblotting, nitrocellulose membranes were blocked with 2% skim milk in TBST (Tris-buffered saline with 0.1% Tween 20) for 1 h, washed three times with TBST, and incubated with AnxA2 antibody (Santa Cruz; 1 g/ml dilution in TBST plus 1% skim milk [TBST-skim milk]) at 4°C overnight, followed by washing and incubation with antimouse IgG conjugated to horseradish peroxidase (anti-mouse IgG-HRP) (1:2,000 dilution in TBST-skim milk) for 45 min at room temperature. Reactivity was visualized using enhanced chemiluminescence (ECL) detection system (PerkinElmer).
CARDS toxin-AnxA2 overlay gel assay. GST-AnxA2 or bovine serum albumin (BSA) (2 g) was mixed with SDS lysis buffer, boiled at 100°C for 10 min, separated on 12% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes by semidry transfer prior to blocking with PBS containing 2% (wt/vol) skim milk for 1 h. Then, CARDS toxin (7 g/ml) in PBS-skim milk (1%) was added, and incubation continued for 2 h. After the membranes were washed three times with PBS-Tween 20 (0.05%), CARDS toxin binding to AnxA2 was detected with polyclonal rabbit antibody specific to CARDS toxin (diluted 1:4,000) followed by anti-rabbit secondary antibody conjugated with HRP (1:2,000; Invitrogen). Immunocomplex formation was detected using ECL reagent (PerkinElmer).
CARDS toxin-AnxA2 ELISA binding assay. One hundred nanograms of GST-AnxA2 or BSA was coated overnight onto individual wells of 96-well plates at 4°C. After the wells were washed with PBS, they were blocked with 2% skim milk in PBS for 1 h and washed with PBS. Then, various concentrations of CARDS toxin (0.7 to 700 ng/well; diluted in PBS containing 1% skim milk [1% skim milkϪPBS]) or equimolar concentrations of truncated CARDS toxin derivatives were added in triplicate and incubated for 1 h at room temperature, followed by 1-h incubation with anti-His tag monoclonal antibody (Clontech; diluted 1:4,000 in 1% skim milkϪPBS) or polyclonal rabbit antibody specific to CARDS toxin (diluted 1:4,000). Wells were washed with PBS-Tween 20 (0.05%) and HRPconjugated goat anti-mouse or goat anti-rabbit secondary antibody (Invitrogen; diluted 1:2,000 in 1% skim milkϪPBS) was added for 45 min before the addition of TMB (3,3=,5,5=-tetramethylbenzidine) substrate and measurement at 450 nm.
Inhibition of CARDS toxin binding to A549 cells by AnxA2 antibody. A549 cells were seeded at a density of 4 ϫ 10 4 cells per well (96-well optical bottom black plates; Nunc) and grown for 24 h at 37°C. After we removed medium and washed the cells with PBS, we added AnxA2 monoclonal antibody (1 g/well; Novus Biologicals) or negative-control monoclonal antibody (1 g/well) in F12K medium to A549 cells at 4°C for 10 min. Then, CARDS-mCherry protein (1 g) was added at 4°C for 30 min. The medium was removed, the wells were washed with PBS three times to remove unbound toxin, and mCherry fluorescence was measured using a Modulus microplate reader (Promega).
siRNA knockdown of AnxA2 and SP-A expression. A549 cells were transfected with small interfering RNAs (siRNAs) (ORIGENE) against AnxA2 (siRNA1 and siRNA2) or AnxA2 Silencer Select siRNA (catalog no. 4390824; Life Technologies) or negative control (control siRNA) using Lipofectamine 2000 (Invitrogen) or Lipofectamine RNAiMAX transfection reagent (Life Technologies) according to the manufacturer's instructions. H441 cells were treated with 30 pmol of AnxA2 Silencer Select siRNA (catalog no. 4390824; Life Technologies), SFTPA1 (SP-A1) or SFTPA2 (SP-A2) 27-mer siRNA duplexes (catalog no. SR318909 and SR319048; ORIGENE) complexed with Lipofectamine RNAiMAX reagent (Life Technologies) suspended in fetal bovine serum (FBS)-free Opti-MEM medium (Life Technologies). After 72 h of transfection, fresh medium containing CARDS toxin (1 to 10 g/ml) was added to individual wells, and incubation continued at 4°C for 1 h. At the end of incubation, the cells were washed with PBS and lysed with SDS lysis buffer. Equal amounts of protein samples were resolved on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed with mouse monoclonal antibodies specific to AnxA2 (1:500 or 1:1,000), human surfactant protein A (hSP-A) (Abcam; 1:500), ␤-actin (Sigma-Aldrich; 1:1,000), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Cell Signaling; 1:1,000) along with in-house polyclonal antibodies against CARDS toxin (1:4,000) followed by incubation with respective HRP-conjugated goat anti-mouse or anti-rabbit IgG (Invitrogen) (1:5,000). Quantification of band intensities was performed by scanning immunostained bands from X-ray films and analyzing images with KODAK Image software. Relative levels of cell-associated CARDS toxin in receptor-suppressed cells were determined by comparing with negative-control siRNA-treated cells. Immunostained GAPDH (A549) or ␤-actin (H441) proteins were used as normalizers. Human SP-A is encoded by two highly similar genes, SP-A1 and SP-A2. Since SP-A1 siRNA itself is enough to suppress the expression of total SP-A we used SP-A1 alone.
Immunofluorescence microscopy. A549 cells grown on coverslips in 24-well plates to 50% to 60% confluence were incubated at 4°C for 30 min, followed by the addition of CARDS toxin (10 g/ml in cold serum-free F12K medium) for 1 h at 4°C. Unbound toxin was removed, and cells were either fixed in 2% paraformaldehyde to detect surface-associated CARDS toxin colocalization with AnxA2 or incubated in fresh prewarmed medium at 37°C for 1 h and then fixed in 2% paraformaldehyde to monitor intracellular colocalization of CARDS toxin and AnxA2. The cells were permeabilized with 0.2% Triton X-100 in PBS for 5 min and blocked for 30 min with 1% normal goat serum in PBS. Then, the cells were incubated with rabbit polyclonal anti-CARDS toxin antibody (1:500 dilution) in 0.2% normal goat serum in PBS for 1 h, washed three times with 0.2% normal goat serum in PBS, and further incubated with secondary goat polyclonal anti-rabbit antibody (1:400 dilution) labeled with Alexa Fluor 488 (Invitrogen) in 0.2% normal goat serum in PBS for 1 h. The samples were washed three times with 0.2% normal goat serum in PBS and incubated with anti-human AnxA2 mouse monoclonal primary antibody 1G7 (Novus Biologicals; 1:500) in 0.2% normal goat serum in PBS for 1 h. After the standard washes, the cells were incubated with secondary goat anti-mouse antibody labeled with Alexa Fluor 555 (Invitrogen) (1:400) with 0.2% normal goat serum in PBS for 1 h. Samples were washed with PBS and mounted on glass slides using Vectashield hard fix mounting medium containing DAPI (4',6-diamidino-2-phenylindole dihydrochloride) stain (Vector Laboratories Inc.). Confocal image acquisition was done using an Olympus XI-81 confocal laser-scanning microscope with Flow view 1000 imaging software (UTHSCSA Core Optical Imaging Facility) and 60ϫ oil immersion lens. z series at 0.44-m sections were obtained by combining x-y scans taken along the z axis. Cells without CARDS toxin were processed similarly to serve as negative controls.
Mammalian cell vacuolization. HepG2 and HepG2-AnxA2 cells were grown in 6-well plates at 50% confluence, and similarly, normal and siRNA-treated A549 and H441 cells were grown at 50% confluence. Then, CARDS toxin at various concentrations (0.5 to 50 g/ml) was added as described before (24) . The timing of vacuolization, number of vacuoles per cell, size of the vacuoles, and number of vacuolated cells were observed at different time points. All experiments were repeated in triplicate, and 20 fields of 20 to 25 cells per sample were examined to determine the vacuolization patterns. Statistical analysis was performed using Microsoft Excel.
